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NATIONAL AERONAUTICS AND SPACE ADI4INISTRATION 

TECHNICAL NOTE D-187 

EXPER 1~~TEXI"TL INVESTIGATION OF ASPECT -RATIO - 1 

SUPERCAVITATIPrTG HYDROFOILS AT SPEEDS 

UP TO 183 FEET PER SECOIW 

By Kenneth W .  Christopher and V i r g i l  E .  Johnson, Jr . 

SUMMARY 

An experimental inves t iga t ion  has been made i n  the  Langley high- 
speed hydrodynamics f a c i l i t y  t o  determine the  force  and moment charac- 
t e r i s t i c s  of two aspec t - ra t io-1  supercavi ta t ing hydrofoi ls  (one having 
a f l a t  bottom and one having camber) operat ing a t  zero cav i t a t ion  num- 
be r .  Measurements were made of l i f t ,  drag, p i t ch ing  moment, and spray 
loca t ion  over a range of angles  of a t t ack  from 3 O  t o  20' f o r  depths 
varying from 0 t o  approximately 1 chord. Tests were a l s o  made with t h e  
flat-bottomed hydrofo i l  a t  f i n i t e  cavi ta t ion  numbers t o  extend the  range 
of da t a  down t o  a cav i t a t ion  number of 0.07. The range of speeds f o r  
t he  inves t iga t ion  w a s  from 60 t o  185 f ee t  per  second. 

The r e s u l t s  of t he  zero-cavitation-number tes ts  are i n  good agree- 
ment with t h e o r e t i c a l  values of  forces and moments. Experimental values 
of spray loca t ion  a r e  not  i n  agreement with theory a t  high angles of 
a t t a c k  but  the  agreement improves with decreasing angle  of a t t a c k  and 
t h e  theory gives  a good indica t ion  of t h e  minimum angle of a t t a c k  f o r  
which t h e  two hydrofoi ls  can be operated with a cavi ty  from the leading 
edge. 

INTRODUCT IQN 

Hydrofoils of conventional a i r f o i l  s ec t ion  have not  proved t o  be 
s a t i s f a c t o r y  f o r  use as a u x i l i a r y  l i f t i n g  sur faces  f o r  high-speed boa ts  
o r  seaplanes because of c e r t a i n  operating problems. A s  t h e  hydrofo i l  
approaches the  free-water surface,  the low-pressure s ide  of t he  hydro- 
f o i l  becomes -Jent i la ted from the atmosphere, r e s u l t i n g  i n  a severe and 
abrupt  l o s s  i n  l i f t .  If the  hydrofoi l  i s  operated a t  a depth great 
enough t o  prevent ven t i l a t ion ,  t h e  pressure on the  upper surface of t h e  
hydrofo i l  w i l l  continue t o  decrease with increase i n  speed u n t i l  vapor 
pressure i s  reached and a cavi ty  forms i n  t h e  flow over t h e  upper sur- 
face  of the  hydrofoi l .  This phenomenon, which occurs a t  speeds less  
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than the takeoff speeds of current  high-speed a i r c r a f t ,  i s  a l s o  accom- 
panied by loss  i n  l i f t  and l i f t - d r a g  r a t i o  (refs.  1 and 2 ) .  

A family of hydrofoi l  sec t ions  has been der ived ( r e f .  3) t h a t  w i l l  
operate i n  the  cavi ta ted  or  ven t i l a t ed  condition with c h a r a c t e r i s t i c s  
superior t o  conventional a i r f o i l  sec t ions  operat ing under similar con- 
d i t i ons .  
together with the  r e s u l t s  from an experimental i nves t iga t ion  made with 
t h a t  hydrofoil  and a flat-bottomed hydrofo i l  i n  Langley tank no. 2 .  
The range of depths ;overed f o r  ven t i l a t ed  or zero-cavitation-number 
tests was l imited by speed l imi t a t ions  on the  car r iage  and by the  type 
of s t r u t  used. The maximum carr iage speed a l s o  determined the  minimum 
nonzero o r  f i n i t e  cav i t a t ion  number a t  which the  hydrofo i l  could be 
tested. 

One hydrofoi l  of t h a t  family i s  described i n  reference 4 

The purpose of the  present  zero-cavitation-number tests w a s  t o  
ob ta in  force and moment data and values of minimum angle of a t t a c k  of 
t he  hydrofoils a t  depths of submersion up t o  1 chord f o r  comparison 
with the theory presented i n  reference 4. 
tests were made t o  extend the  range of ava i l ab le  data f o r  t h e  f l a t -  
bottomed hydrofo i l  t o  lower cav i t a t ion  numbers f o r  comparison with values 
predicted by the method given by Wu i n  reference 5 and by o the r s .  

The finite-cavitation-number 

SYMBOLS 

L i f t  l i f t  coe f f i c i en t ,  - 
qs 

l i f t  coe f f i c i en t  a t  f i n i t e  cav i t a t ion  number 

drag coe f f i c i en t ,  

e Moment moment coe f f i c i en t  about quar te r  chord, 
qsc 

Distance from leading edge 
Chord 

center-of-pressure coe f f i c i en t ,  

chord length,  f t  

depth of submersion with respec t  t o  chord, measured from 
l o c a l  mean water surface t o  leading edge 

height  of spray above reference l i n e ,  measured perpendicular 
t o  reference l i n e  

L 
1 
2 
4 

,. 
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distance from upper cavity streamline to reference line along 
path of probe 

L/D lift-drag ratio 

2 

P 

kp 

wetted length on upper surface of hydrofoil 

local pressure on hydrofoil, lb/sq ft 

free-stream pressure at mean depth of hydrofoil, lb/sq ft PO 

Pc cavity pressure, lb/sq ft 

vapor pressure, lb/sq ft PV 

PV2 9 dynamic pressure, 

S hydrofoil area, sq ft 

v speed, f-ps 

X? Y coordinates 

a angle of attack, deg 

S/C spray thickness with respect to chord 

P 

U 

s l u  s 
cu ft mass density of water, 

Po - P cavitation number, - 
9 

cavitation number based on cavity pressure, Po - pc 
OC 9 

Po - pv cavitation number based on vapor pressure, 
uV 9 

Subscripts: 

2 lower surface 

U upper surface 

1 7 2  speed conditions 
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DESCRLPTION OF MODELS 

The models used for the present investigation were two aspect- 
ratio-1 hydrofoils that had been used previously for the tests reported 
in reference 4. A photograph of the cambered and flat-bottomed hydro- 
foils and the parabolic strut is shown in figure 1. A drawing of the 
flat-bottomed hydrofoil mounted on the streamlined and the parabolic 
struts is shown in figure 2. A sketch of the profile of the cambered 
hydrofoil and a table of coordinates are presented in figure 3 .  Both 
hydrofoils had a 7.071-inch chord and had sharp leading and trailing 
edges. The flat-bottomed hydrofoil had a triangular cross section 
5 percent thick at midchord. 
section (ref. 3)  with a design lift coefficient of 0.392. 
half-chord of the top surface of the cambered model was designed (by 
using two-dimensional flat-plate theory) to conform with the under sur- 
face of the spray jet leaving the leading edge as computed for an angle 
of attack of 5 O .  

The cambered hydrofoil had a Tulin-Burkart 
The forward 

L 
1 
2 
4 

A strut having an NACA 66,-012 section was used for the finite- 
\ 

cavitation-number tests. A small opening near the bottom of the strut 
led to a passage inside the strut so that pressures in the cavity over 
the hydrofoil could be measured. 
section) was used for the zero-cavitation-number tests to provide a 
passageway for venting the top surface of the hydrofoil to the atmos- 
phere and thus to simulate the zero-cavitation-number condition. The 
parabolic section was used because it produces minimum drag in cavity 
flow. For a limited number of runs, a 1/4-inch brass tube was soldered 
to the rear of the parabolic strut and was used for measuring the cavity 
pressures (fig. 2). 

A blunt-trailing-edge strut (parabolic - 

’ APPARATUS AND PROCEDURE 

The investigation was conducted at the Langley high-speed hydro- 
dynamics facility and utilized the temporary boom on the landing-loads 
carriage. 
A photograph of the test setup is shown in figure 4. 

The facility and its operation are described in reference 6. 

Lift, drag, and pitching moments were measured over a range of 
speeds from 72 to 183 feet per second by an electrical strain-gage 
balance attached to a hydraulically operated towing staff that could 
be raised or lowered to provide changes in depth of submersion of the 
model. 
surface to the leading edge of the model. The angle of attack was cor- 
rected for structural deflections on the basis of calibrations made 
prior to the tests. 

The depth of submersion was measured from the local mean water \ 

- A small number of finite-cavitation-number runs 
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were made i n  the  Langley tank no. 2 t o  provide supplementary data between 
the  range obtainable a t  the  high-speed f a c i l i t y  and t h a t  presented i n  
reference 4 .  

The outputs of the strain-gage balance were supplied t o  s t r ip -cha r t  
recorders  located on the  carr iage.  Force, moment, water-level,  and 
s t r u t - r i s e  measurements were continuously recorded and coordinated a t  
the  th ree  photographic s t a t ions  ( located approximately 555 f e e t ,  
1,030 f e e t ,  and 1,510 f e e t  from the  s t a r t  of t he  run) at  which readings 
were taken.  Photographs of the  model were taken from above and below 
the  water surface at  the same s t a t ions .  High-speed f l a s h  lamps located 
one on each s ide  of the  underwater cameras were used f o r  l i g h t i n g .  A 
sketch of the  longi tudina l  and t ransverse sec t ions  of the  tank a t  a 
photographic s t a t i o n  i s  shown i n  f igure 5 .  

D a t a  were obtained a t  three  depths of submersion on most of t he  
zero-cavitation-number runs by allowing the  towing s t a f f  t o  rise slowly 
during t h e  run. The towing s t a f f  s t a r t e d  t o  r i s e  with the  opening of a 
valve i n  the hydraulic l i n e  t o  the towing staff .  A rope, with one end 
wrapped around a drum at tached t o  the  valve and the  other  end at tached 
t o  a pos t  on the ground, caused the valve t o  open as the  carr iage s t a r t e d  
t o  move. A sl ide-wire ,  the  output of which w a s  supplied t o  an o s c i l l o -  
graph on the  carr iage,  w a s  used f o r  recording the  r i s e  of t he  towing 
s t a f f .  

The thickness  and the  v e r t i c a l  locat ion of the  j e t  of spray from 
the  leading edge of the  hydrofoi l  were measured by using a probe mecha- 
nism ( f i g .  4 ) .  
a small tube t h a t  protruded through an opening a t  t he  t i p .  The tube w a s  
connected t o  a pressure c e l l  on the s t r u t  supporting the  blade.  Before 
each run, the  probe w a s  adjusted so t ha t  the  t i p ,  a t  the  bottom of the  
s t roke ,  w a s  located 1/4 inch v e r t i c a l l y  above the  midchord pos i t i on  
measured along the top of the hydrofoil .  The blade w a s  cycled down and 
up by an air-operated p i s ton  through a s t roke of 8 inches a t  each of 
the  recording s t a t i o n s .  The system was t r iggered  by a magnet a t  each of 
t h e  recording s t a t i o n s .  A c i r c u l a r  s l ide-wire ,  geared t o  the  p is ton ,  
was used f o r  measuring probe displacement. The outputs of the  pressure 
c e l l  and the  s l ide-wire  were recorded by the  osci l lograph on the  ca r r i age .  

The probe blade had a parabol ic  cross  sec t ion  and enclosed 

The mean water l e v e l  a t  each recording s t a t i o n  w a s  measured by 
means of a f loa t - type  instrument. 
1 inch i n  diameter and 6 inches long) w a s  a t tached t o  the  s ide  of t he  
tank  a t  a f ixed height approximately one-half submerged with i t s  a x i s  
perpendicular t o  the  water surface.  The buoyant force on t h e  cyl inder ,  
which var ied with the  water l eve l ,  was measured by a strain-gage pickup 
and recorded by an osci l lograph.  The character  of the  instrument w a s  
such t h a t  i t  d i d  not respond t o  small waves. 

The f l o a t  (a  hollow, bronze cyl inder  
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The procedure followed fo r  t he  finite-cavitation-number tests was 
the  same as t h a t  fo r  the  zero-cavitation-number tests except that the  
probe w a s  not used and the  hydrofo i l  w a s  s e t  t o  run a t  a constant depth. 

SCOPE AND ACCURACY 

The finite-cavitation-number tes ts  were made a t  a nominal constant 
depth of 6 inches over a range of speeds from 60 t o  164 f e e t  per second 
r e su l t i ng  i n  cavi ta t ion  numbers (based on cavi ty  pressure)  of 0.533 
t o  0.076. 

The zero-cavitation-number tests were made over a range of depths 
of submersion from 0 t o  1 chord f o r  angles  of a t t a c k  of Oo t o  20°. 
Carriage speeds of ll7 t o  185 f e e t  per  second were recorded during 
these  t e s t s .  

The accuracy of the quan t i t i e s  measured i s  estimated t o  be within 
the  following limits: 

L i f t ,  l b  . . . . . . . . . . . . . . . . . . . . . . . . . . .  f25 .0  
Drag, l b  . . . . . . . . . . . . . . . . . . . . . . . . . . .  215.0 
Moment, f t - l b  . . . . . . . . . . . . . . . . . . . . . . . .  kl5.0 
Angle of a t t ack ,  deg . . . . . . . . . . . . . . . . . . . . .  20.10 
Depth of submersion, i n .  . . . . . . . . . . . . . . . . . . .  20.10 
Cavity pressure,  lb/sq f t  . . . . . . . . . . . . . . . . . .  k12.0 
Spray thickness,  i n .  . . . . . . . . . . . . . . . . . . . . .  kO.02 
Speed, fps  . . . . . . . . . . . . . . . . . . . . . . . . . .  20.15 

L 
1 
2 
4 

The force and moment da ta  were converted t o  coe f f i c i en t  form by 

Because of the va r i a t ion  of temperature, t he  kine- 
using t h e  densi ty  of the water measured during the  t e s t s  (1 .941  s lugs 
per cubic f o o t ) .  

matic v i scos i ty  of the  tank water var ied  from 0.93 x 

1.32 x square f e e t  per second during the  t e s t s .  The drag and 
moment data were corrected f o r  the  e f f e c t  of t he  dece lera t ion  of t he  
carr iage and the drag da ta  were a l s o  corrected f o r  t he  s t r u t  drag. 
s t r u t  water drag w a s  calculated by using aerodynamic da ta  f o r  t h e  
streamlined s t r u t  and the  form drag of a parabola f o r  the  parabol ic  
s t r u t ;  a coef f ic ien t  increment of 0.003 f o r  f r i c t i o n  drag w a s  added 
and any surface e f f e c t s  were neglected.  

t o  

The 



RESULTS AND DISCUSSION 

The experimental data obtained in this investigation are presented 
in tables I to 111. 

Finite Cavitation Number 

The results of the finite-cavitation-number tests made with the 
flat-bottomed hydrofoil mounted on the streamlined strut are presented 
in this section. Lift- and drag-coefficient data are plotted in fig- 
ures 6(a) and (b). The present data and the supplementary data from 
Langley tank No. 2 are plotted against the cavitation number based on 
measured cavity pr2ssure in figure 6(a). 
against the cavitation number based on vapor pressure in figure 6(b) 
for comparison with data from reference 4. 
ure 6 are calculated values based on theory given in reference 4 for 
zero cavitation number at a depth of submersion of 0.80 chord, the aver- 
age depth of submersion for the present tests. 
tests the hydrofoil was set at a constant depth of 6 inches (d/c = 0.86) ,  
the actual depths of submersion measured during the runs varied from 
d/c s 0.58 to d/c = 1.02 
and of some unpredictable variations of strut rise under load. During 
a few runs made with the flat-bottomed hydrofoil mounted on the para- 
bolic strut, the cavity pressure was measured and found not to be 
atmospheric (that is, These data points are also plotted in 
figure 6(a) (tailed solid symbols). 

The same data are plotted 

The solid symbols in fig- 

Although in the present 

as a result of variations in the water level 

u f 0 ) .  

The dashed lines in figure 6 denote the approximate equation 

This equation is theoretically correct for very small values of u.  
(See ref. 5.) Figure 6 shows that u must be considerably less than 0.1 
for the approximate equation to hold for angles of attack less than 20°. 
This marked deviation of the data from the approximate equation is in 
qualitative agreement with the complete two-dimensional solution given 
by Wu in reference 5. 

The drag-coefficient values have been corrected to remove the drag 
of the strut by using aerodynamic-drag data for the strut section. 
ever, photographic observation indicated that cavitation was occurring 
on the strut during most of the runs so that the strut drag would be 
expected to be greater than that predicted by aerodynamic data. Since 
the model used for these tests was the flat-bottomed hydrofoil, its drag 
should be given by 

How- 

CL tan a p lus  an increment due to friction (when 
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t h e  top surface i s  not wet ted) .  The dashed curves i n  the  drag- 
coef f ic ien t  p l o t  i n  figure 6(a)  a r e  values thus obtained from f a i r e d  
experimental values of lift coe f f i c i en t  and a f r i c t i o n  drag coef f i -  
c i en t  of 0.003. The difference between the  two curves i s  bel ieved t o  
be caused by base drag r e s u l t i n g  from cav i t a t ion  on the  s t r u t .  

A sudden drop i n  the  l i f t  and drag coe f f i c i en t s  may be noted i n  
t h e  curve f o r  an angle of a t t a c k  of 20' a t  a cav i t a t ion  number of 
about 0.26 ( f i g .  6 ) .  
p l o t ,  figure 7. 

The d iscont inui ty  i s  a l s o  apparent i n  the  moment 
This d i scont inui ty  i s  not  believed t o  be caused by a 

reent ran t  flow at  the  r e a r  of the cavi ty  because, from figure 8, the  L 
cavi ty  i s  expected t o  extend approximately 1 chord a f t  of t he  t r a i l i n g  1 
edge of the model a t  t h i s  cav i t a t ion  number. Also, p i c t u r e s  taken 2 
during these  runs d id  not ind ica te  t h a t  the  top surface of t he  model 4 
w a s  being wetted. A s  can be seen, no not iceable  drop i n  l i f t  o r  drag 
coef f ic ien t  occurs a t  the  other  angles of a t t ack .  Since the re  i s  no 
apparent explanation f o r  the  d iscont inui ty  ind ica ted  by t h e  da ta  f o r  
the angle o f  a t t a c k  of 20°, it i s  poss ib le  t h a t  t h i s  d i scon t inu i ty  
does not e x i s t  but may be due t o  some experimental e r r o r .  

The l i f t - c o e f f i c i e n t  da ta  a t  an angle of a t t a c k  of 4' f o r  low 
cavi ta t ion  numbers a r e  considerably lower than t h e  t h e o r e t i c a l  values 
f o r  zero cav i t a t ion  number because the top of t he  model w a s  wetted 
over the forward half-chord a t  t h i s  angle of a t t ack .  

The t h e o r e t i c a l  values of center  of pressure f o r  0 = 0 shown i n  
f igu re  7 a re  f o r  angles of a t t a c k  of 4' and 20' and ind ica te  the  spread 
over tha t  range of angle of a t t ack .  The s c a t t e r  of experimental da ta  
i s  ra ther  la rge  i n  comparison but  tends t o  agree with theory as u = 0 
i s  approached except fo r  the  da ta  a t  an angle of a t t a c k  of 4'. A t  t h i s  
angle of a t t a c k  the upper surface of the  model i s  wetted and thus i s  
not completely within a cavi ty  from the  leading edge; therefore ,  t he  
disagreement between theory and experiment i s  expected. 

The va r i a t ion  of cavi ty  length with cav i t a t ion  number i s  shown i n  
The data  were obtained by sca l ing  from photographs taken by f igu re  8. 

the  above-water camera. 

A comparison of cavi ta t ion  numbers based on measured cavi ty  pres-  
sure  and on vapor pressure i s  shown i n  f igu re  9 .  A s  shown i n  r e f e r -  
ence 2, a s  the cavi ta t ion  number increases  the  values of d based on 
measured cavi ty  pressure become increasingly smaller than those based 
on vapor pressure.  This va r i a t ion  i s  due t o  the  d i f fus ion  of dissolved 
gases in to  the  cavity,  with increased cavi ty  pressure or  decreased 
cavi ta t ion  number as a r e s u l t .  

Typical photographs of t he  flat-bottomed hydrofo i l  operat ing a t  
a f i n i t e  cav i t a t ion  number a r e  shown i n  f igu re  10. 
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Zero Cavitation Number 

The results of the tests made for the purpose of obtaining data 
at zero cavitation number are given in this section. As will be noted, 
in some cases, zero cavitation number was not realized, but even in 
such cases the cavitation number was usual ly  small compared with those 
discussed in the previous section. 

The lift, drag, pitching-moment, and center-of-pressure data 
obtained with the flat-bottomed and cambered hydrofoils operating at 
or near zero cavitation number are presented in figures 11 to 14 along 
with curves of theoretical values for lift, drag, and center of pres- 
sure. 
reference 4. 
coefficient of 0.003. 

The theoretical values were calculated by the method given in 
The theoretical drag coefficients include a friction drag 

The trend of the data points in figures 11 and 13 seems to indi- 
cate that the lift coefficients are constant or increase slightly with 
an increase in depth of submersion. This trend is contradictory to 
that indicated by the theory, which shows a decrease in lift coeffi- 
cient with an increase in depth. However, photographic observation 
indicated that the flow was not filly ventilated when the hydrofoils 
were operated at the deeper depths. Photographs illustrating fully and 
partially ventilated flows about the hydrofoils are presented in fig- 
ure 15. The wake aft of the strut is seen to be much shorter for the 
partially vented condition (figs. l5(b) and (d)) than for the fully 
vented condition (figs. l5(a) and ( c ) ) .  An approximate border between 
the fully and the partially vented flow conditions determined by photo- 
graphic observations is indicated on the lift-coefficient plots in fig- 
ures 11 and 13. Thus, the data points in the partially vented region 
actually represent cavitation numbers slightly greater than zero. 
Therefore, the lift coefficients in this region would be expected to 
be greater than those predicted by theory. 

A limited number of runs were made with the flat-bottomed hydro- 
foil with a brass tube fastened to the rear of the parabolic strut 
(fig. 2) in an unsuccessful attempt to improve the ventilation charac- 
teristics of the configuration. It was hoped that complete ventilation 
could be established by breaking up the thin wisp of spray originating 
at the junction of the strut with the f’ree-water surface. This spray 
was believed to be sealing off the cavity aft of the strut and thus 
preventing airflow to the hydrofoil cavity. The tube also was used 
for measuring the pressure in the cavity during these runs and the 
results obtained are included in figure 11 with the measured cavita- 
tion number noted beside each data point on the lift-coefficient plot. 
The same data have also been plotted in figure 6(a) as previously noted 
(tailed solid symbols), where the order of increase from the zero- 
cavitation-number value may be noted. 
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The center-of-pressure data (f igs .  12 and 14) show fairly good 
agreement with theory.  

Lif t -drag r a t io s . -  The v a r i a t i o n  of l i f t - d r a g  r a t i o  with depth of 
submersion fo r  both hydrofoi ls  i s  shown i n  figure 16. A s  shown, the  
l i f t - d r a g  r a t i o s  vary l i t t l e  with depth of submersion a t  high angles  
of a t tack .  The l i f t - d r a g  r a t i o  increases  with a decrease i n  angle of 
a t tack ,  as expected, u n t i l  t h e  flow starts t o  a t t a c h  t o  t h e  upper sur- 
f ace  of t he  model. A t  t h i s  po in t ,  f o r  t he  flat-bottomed hydrofoi l ,  a 
sudden drop i n  l i f t - d r a g  r a t i o  occurs because of t he  l o s s  i n  l i f t .  A 
more gradual drop occurs f o r  t h e  cambered model because of t he  curva- 
t u r e  o f  the  upper surface of the  model. 
decrease i n  l i f t - d r a g  r a t i o  w i l l  become more pronounced with increase 
i n  depth of submersion as a r e s u l t  of tine leading-edge spray j e t  becoming 
at tached t o  the upper surface of t he  model a t  higher angles of a t t a c k .  

Theory ind ica t e s  t h a t  t he  

A d i r e c t  comparison of l i f t - d r a g  r a t i o s  f o r  t he  two hydrofoi ls  a t  
a constant depth of submersion i s  shown i n  figure 17. The da ta  symbols 
( f i g .  l 7 ( a ) )  ind ica te  c rossp lo t ted  values of l i f t  coe f f i c i en t  and l i f t -  
drag r a t i o  f o r  
over the flat-bottomed hydrofo i l  i s  shown i n  f igu re  l7(a)  where the  
l i f t - d r a g  r a t i o  i s  p l o t t e d  aga ins t  l i f t  coe f f i c i en t .  As seen, t he  
values of the l i f t - d r a g  r a t i o  are near ly  t h e  same f o r  t he  two hydro- 
f o i l s  a t  given angles of a t t a c k  above the  minimum angle of a t t a c k  
(angle  a t  which the  top surface i s  wetted f o r  each hydrofo i l )  bu t  occur 
f o r  the cambered l i f t i n g  surface a t  considerably l a r g e r  l i f t  coe f f i -  
c i en t s .  A p l o t  of l i f t - d r a g  r a t i o  aga ins t  angle of a t t a c k  i s  presented 
i n  f igure l7 (b )  and shows d i r e c t l y  the  s i m i l a r i t y  i n  l i f t - d r a g  r a t i o s  
f o r  given angles of a t t a c k .  A s  indicqted by the  values of l i f t - d r a g  
r a t i o ,  the minimum angle of a t t a c k  occurs between 4' and 7' f o r  t h e  
flat-bottomed hydrofoi l  and a t  about 7' f o r  the  cambered hydrofo i l .  
much more abrupt drop i n  l i f t - d r a g  r a t i o  would be expected f o r  the  f la t -  
bottomed hydrofoi l  than f o r  the  cambered hydrofoi l ,  s ince  the  upper sur- 
face  of the  flat-bottomed hydrofo i l  i s  made up of f l a t  sect ions,  t he  
t o t a l  forward half-chord would be wetted a t  once which would r e s u l t  i n  
an appreciable loss i n  l i f t  and increase i n  drag, whereas the  ex ten t  
t o  which the upper surface of t he  cambered hydrofo i l  would be wetted 
would increase gradually with a decrease i n  angle of a t t a c k .  

d/c = 0.40. The advantage of t he  cambered hydrofo i l  

A 

The cambered hydrofoi l  has a smaller maximum l i f t - d r a g  r a t i o  than 
the  flat-bottomed hydrofoi l  because of t he  l a rge  amount of camber used 
(two-dimensional design l i f t  coef f ic ien t  of 0.392) which r e s t r i c t s  t he  
vent i la ted  range of the hydrofoi l  t o  r e l a t i v e l y  high angles  of a t t ack .  
That a b e t t e r  maximum l i f t - d r a g  r a t i o  can be obtained with a cambered 
sec t ion  than with the flat-bottomed hydrofo i l  i s  shown i n  figure 23 of 
reference 7 .  One of the hydrofoi ls  discussed i n  t h e  reference has a 
c i rcu lar -a rc  sec t ion  which c lose ly  approximates the  Tulin-Burkart sec- 
t i o n  of t he  present  hydrofoi l .  A s  indicated i n  the  reference,  t he  

L 
1 ;  
2~ 
4 
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maximum l i f t - d r a g  r a t i o  increases  w i t h  design l i f t  coe f f i c i en t  u n t i l  
(with the  wedge angle a t  the  leading edge kept constant)  a design l i f t  
coe f f i c i en t  s l i g h t l y  greater than 0.1 is  reached. Further  increase i n  
camber f o r  t h a t  sec t ion  r e su l t ed  i n  a decrease i n  maximum obtainable 
l i f t - d r a g  r a t i o .  

Spray thickness . -  The va r i a t ion  of spray thickness  with depth of 
submersion i s  shown i n  f igu re  18 f o r  both hydrofoi ls .  A s  t h e  depth 
increases ,  t h e  value of 6/c approaches t h a t  of d/c, and f o r  depths 
g rea t e r  than 0.4 chord, the  two values are about equal .  

Cavity spray height . -  The var ia t ion  of t he  height  of the  under- 
surface of the  leading-edge spray j e t  above the  reference l i n e  with 
depth of submersion i s  shown i n  f igures  19 and 20. The da ta  presented 
i n  f igu re  19 were obtained with the  probe mechanism. The path of the  
probe (always v e r t i c a l )  with respec t  t o  the  hydrofo i l  chord var ied with 
angle of a t t ack .  
heights  presented i n  f igu re  19 represent d i s tances  from the  pos i t i on  
where the  probe pa th  would i n t e r s e c t  the  hydrofo i l  reference l i n e .  The 
values of spray height  presented i n  figure 20 represent  d i s tances  f’rom 
the  hydrofo i l  reference l i n e  measured along t h e  t r a i l i n g  edge of t he  
s t r u t  (perpendicular t o  the  reference l i n e )  and were obtained from 
photographs taken with the overhead camera. 

(See sketch i n  f i g .  19 . )  The readings of spray 

A comparison of experimental and t h e o r e t i c a l  values of spray height  
f o r  the two hydrofoi ls  i s  presented i n  f igure  21. The t h e o r e t i c a l  values 
were ca lcu la ted  by the  method given i n  reference 7. Since no theo re t i -  
c a l  expression w a s  ava i lab le  f o r  the r e l a t i o n  between d/c and 6/c, 
the  ca lcu la t ions  of spray height were f i rs t  based on t h e  assumption t h a t  
S/c = d/c.  The spray-height values were l a t e r  reca lcu la ted  based on 
S/c by using the  experimentally determined r e l a t ionsh ip  between d/c 
and S/c 
A s  may be noted, t he re  i s  an appreciable d i f fe rence  i n  t h e  r e s u l t s  of 
the two s e t s  of ca lcu la t ions  a t  high angles of a t t a c k  and low values 
of d/c, but  the  d i f fe rence  becomes f a i r l y  small a t  angles  of 8’ or 
l e s s  even a t  shallow depths. Although theory and experiment do not 
agree a t  high angles of a t t ack ,  the agreement improves with decreasing 
angle so  t h a t  theory gives a good indicat ion of t he  minimum angle of 
a t t a c k  f o r  which the  top surface of t he  hydrofo i l  i s  not wetted.  A 
comparison of bath the  t h e o r e t i c a l  and experimental values of spray 
height  f o r  t he  two models ind ica tes  t h a t  camber changes the  spray con- 
tou r  very l i t t l e ,  espec ia l ly  at  the lower angles  of a t t ack .  

( f i g .  18) and both s e t s  of curves a r e  shown i n  f igu re  21. 

The values of spray height obtained from photographs may be seen 
t o  be s l i g h t l y  lower than those obtained from the  probe mechanism. This 
i s  caused by the  change i n  spanwise curvature of t he  spray due t o  the  
e f f e c t  of the  s t r u t  supporting t h e  hydrofoi l .  That is, ins tead  of t h e  
spanwise curvature of the cavi ty  having a roughly e l l i p t i c a l  shape with 
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t he  maximum height a t  the  midspan, t he  cavi ty  he ight  i s  reduced a t  the  

shaped spanwise curvature.  This e f f e c t  i s  i l l u s t r a t e d  i n  a photograph 
taken during a run t h a t  w a s  made with the  flat-bottomed hydrofo i l  with 
th ree  p ins  a t tached t o  i t s  upper surface.  A sketch of the  configuration 
and the photograph taken during the  run a r e  shown i n  f igu re  22. The 
inboard and outboard p ins  may be seen t o  extend i n t o  the  spray while 
t he  middle p in  does not .  The ind ica t ion  of spray pos i t i on  given by 
the  middle g i n  agrees  with the  probe da ta  as may be seen i n  the  p l o t  
fo r  a = 16 i n  f igu re  21. (The pa th  of t he  probe w a s  located 

center because of t he  e f f e c t  of the  s t r u t  r e s u l t i n g  i n  a somewhat hear t -  - 

approximately 1/4 inch inboard of t he  middle p in . )  

t o  show the  va r i a t ion  of flow about the  hydrofoi ls  with angle of a t t a c k .  

L 
1 

Flow d e t a i l s . -  A s e r i e s  of photographs i s  presented i n  f igu re  23 2 
4 

I The t o p  surface of t he  flat-bottomed hydrofoi l  i s  wetted a t  an angle of 
. a t tack  of 4' but  a tendency f o r  the flow t o  separate  from the  leading 
edge my be noted as the  depth i s  decreased from t o  
d/c = 0.14 This tendency i s  i n  fa i r  agreement with theory 
( f i g .  2 1 ( a ) ) ,  which p red ic t s  t h a t  t he  flow would be separated a t  
d/c = 0.25 
from the leading edge i s  due t o  leading-edge v ib ra t ion .  

d/c = 0.58 
( f i g .  2 3 ( a ) ) .  

for  an angle of a t t a c k  of 4'. The roughness of the  spray 

A photograph of flow about the  cambered hydrofo i l  f o r  
( f i g .  23(b) )  ind ica tes  t h a t  the  flow i s  at tached t o  the  top sur face  
but  tending t o  separa te .  (The depths of submersion were not obtained 
f o r  angles of a t t ack  of go and loo i n  f i g .  23(b) because of record 
f a i l u r e ,  b u t  the hydrofoi l  was s e t  f o r  a constant depth of d/c = 0 .5  
a t  the  start of each run . )  
surface f o r  a shor t  dis tance a f t  of t he  leading edge of the  hydrofo i l  
a t  cz = loo. The r e s u l t s  indicated by these photographs agree f a i r l y  
wel l  with theory ( f i g .  2 l ( b ) ) ,  which ind ica tes  separat ion of flow a t  
CL = 10' f o r  values of d/c l e s s  than 0.25 and a t  a = 12' f o r  
d/c = 0.5 o r  l e s s .  

a = 9' 

The flow i s  s t i l l  a t tached t o  the  upper 

A zero-cavitation-number flow i s  general ly  considered t o  be a flow 
i n  which only pos i t i ve  pressure coe f f i c i en t s  e x i s t .  I f  t h i s  concept 
i s  t rue ,  any wetting of the  upper surface must decrease the  l i f t - d r a g  
r a t i o .  However, t he  photographs indicated t h a t  t he  top surface of the 
cambered hydrofoi l  was p a r t i a l l y  wetted a t  angles  of a t t a c k  l e s s  
than  10' whereas the l i f t - d r a g  r a t i o  ( f i g .  17) kept increasing with 
decrease i n  angle of a t t a c k  t o  7 O .  Evidently,  a t  f i n i t e  speeds, some 
wetting of the top surface i s  to l e rab le  and may even be b e n e f i c i a l  
when the top surface of the model has proper chordwise curvature .  This 
may be b e t t e r  explained with the  a i d  of the sketches of d i f f e r e n t  
regimes of flow shown i n  f igu re  24. 
condition commonly associated with zero cav i t a t ion  number ( t h a t  i s ,  the 
pressure i n  the  cavi ty  i s  approximately vapor pressure and the hydrofoi l  
veloci ty  i s  i n f i n i t e ) .  I n  the present  t e s t s ,  t he  zero-cavitation-number - 

Figure 24(a)  i l l u s t r a t e s  the flow -. 
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condition was simulated at finite speeds by causing the flow to be 
ventilated. As stated in references 7 and 8, in any flow about a body 
where a region of separation exists, the fluid in the separated region 
may be replaced by any lighter fluid by providing a means for the 
lighter fluid to flow into the separated region. This was done in the 
present tests, as illustrated in figure 24(b), by using a blunt-trailing- 
edge strut to provide a passage for air to flow into the separated 
region and thus to vent the top surface of the hydrofoil to the atmos- 
phere. Then, for angles of attack where the separation region begins 
at the leading edge, the vented cavity on the hydrofoil will also orig- 
inate from the leading edge and the flow will be similar to that shown 
in figure 24(a). 
the condition shown in figure 24(b) is also zero because the cavity 
pressure pc is, for practical purposes, equal to the local pressure 

po. 
cal, the laws for calculating forces and moments are the same for fig- 
ures 24(a) and (b). 

The cavitation number based on cavity pressure for 

Since the flows are similar and the cavitation numbers are identi- 

Another flow regime is encountered at finite speeds as the angle 
of attack is decreased and the stagnation point moves to the leading 
edge. Leading-edge separation no longer occurs although separation 
may occur at some location downstream of the leading edge depending on 
the shape of the upper surface. This type of separation may result 
from either of two causes: boundary-layer separation or vapor cavita- 
tion. When air is introduced to this separated region, a vented flow 
such as that shown in figure 24(c) results. Typical pressure distri- 
butions on the upper surface of the hydrofoil, with flow separation 
caused by cavitation, are shown in the inset of figure 24(c) for the 
two representative speeds. The dashed lines represent the pressure 
distribution for an ideal fluid not subject to cavitation. In the real 
case this ideal distribution is modified as shown by the solid lines in 
the inset; when the local pr'essure reaches vapor pressure, a vapor cav- 
ity forms which immediately is vented to the atmosphere downstream. 
This phenomenon results in the discontinuous pressure distribution 
shown. It may be noted that as speed is increased, the negative pres- 
sure region decreases in length whereas the positive pressure region 
remains approximately constant. Thus, at infinite speed, any wetting 
of the upper surface would be detrimental to the hydrodynamic 
efficiency. 

Leading-edge vibration.- A photograph of the flow indicating 
leading-edge vibration is shown in figure 25 for the flat-bottomed 
hydrofoil. The flat-bottomed hydrofoil used in these tests showed a 
tendency for leading-edge vibration at angles of attack of 12' or less. 
No evidence of leading-edge vibration was noted for the canbered 
hydrofoil over the ranges of angles of attack and speed tested. 



14 

CONCLUSIONS 

Conclusions based on the  r e s u l t s  of t he  experimental inves t iga t ion  
of a flat-bottomed and a cambered supercavi ta t ing  hydrofo i l  may be sum- 
marized as follows: 

1. The theory f o r  pred ic t ing  forces  and moments f o r  supercavi ta t ing  
hydrofoi ls  of a r b i t r a r y  camber, aspect  r a t i o ,  and depth of submersion 
a t  zero cavi ta t ion  number produces r e s u l t s  i n  good agreement with 
experiment. 

2 .  Tile simple equation C L , ~  = (1 + ( J ) C L , ~ = O  f o r  p red ic t ing  the  
l i f t  coef f ic ien t  i s  not adequate except f o r  very small cav i t a t ion  
numbers. 
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3 .  A s  the depth of submersion of the  leading edge of the  hydrofo i l  
increases ,  the value of spray thickness  approaches the  value for depth 
of submersion and f o r  depths grea te r  than 0.4 chord the  two values a r e  
about equal.  

4. Theory and experiment a r e  not i n  agreement f o r  spray contours 
a t  high angles of a t t a c k  but  the  agreement improves with decreasing 
angle and theory gives a good indica t ion  of the  minimum angle of 
a t t a c k  f o r  which the  top surface of the  hydrofo i l  i s  not wetted. 

5 .  A t  f i n i t e  speeds, the  l i f t - d r a g  r a t i o  of a supercavi ta t ing  hydro- 
f o i l  does not necessar i ly  decrease as soon as the  upper surface becomes 
wetted. I n  f a c t ,  i f  the  upper surface has proper chordwise curvature,  
an appreciable a rea  may be wetted before the  l i f t - d r a g  r a t i o  starts t o  
decrease. 

Langley Re search Center, 
National Aeronautics and Space Administration, 

Langley Field,  V a . ,  September 9, 1959. 
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TABLE I 

DATA FOR FLAT-WITOMED HYDROFOIL MOUNTED ON STREAMLINED STRUT 

p e n s i t y  of t a n k  water, 1.941 slugs/cu fq 

(a)  Data from Langley high-speed hydrodynamics f a c i l i t y  
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TABLE I.- Concluded 

DATA FOR FLAT-BOTTOMED HYDROFOIL MOUNTED ON STREAMLINED STRUT 

( b )  D a t a  from Langley tank  N o .  2 
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168.15 
156.34 
146.07 
153 .OO 
138.83 
133.36 
173.74 
~59.62 
147.05 
176.97 
160.02 
144 .63 

141.74 

117.82 
160.07 
148.87 
159.77 
138.10 

129.11 

0.49 0.161 0.041 
.35 .160 .041 
.21 .154 .042 
.62 * 157 .035 

.48 .I57 . o x  

.68 .195 .046 

.53 .1% .@+3 

.36 .168 .039 

.27 .155 .040 

.16 .la .041 

.03 .166 .042 

.77 .166 .044 

.67 .I73 .046 

.54 .165 .044 

.63 .156 .031 

0.34 
.32 
.16 
.55 
.27 
.05 
.51 

162.29 
149.10 
138.30 

0.262 
,270 
.267 
,279 
.286 
f299 
.262 

0 .LO 0.132 0.028 -0 .004 
.21 .133 .o30 - .cQ3 
.03 .U5 .031 - .ooj 

0.105 
.io7 
.111 
.lo3 
.io7 
.111 
.lo3 

168.86 
155.80 
144.35 
165.2 
151.15 
138.05 

154.9 
169.81 

141.05 

0.55 
.5l 
.31 
.31 
.74 
.62 
.51 
.21 
.12 
.02 

0.217 
.220 
.222 
.222 
.208 
.a8 
.213 
.222 
.233 

0.066 
.065 
.67 

.067 

.067 

.072 

.073 

.069 

-075 

a = 14' 

-0.014 
- .012 
- .016 
- .011 
- .ooo4 
- .001 
- . o n  
- .011 
- ,010 

0.310 

.252 

.301 

.292 

0.278 

.269 

.268 I . 
.. 



TABLE 11.- Concluded 

0.42 
.28 
.10 
.35 
.32 
.21 
.37 
.25 
.I7 
.79 
.64 
*51 
.82 
.73 
.64 
.27 
.21 
.21 
.83 

.58 

.71 

WTA FOR FLAT-BOTPOMED HYRROFOIL MOUWED ON PARABOLIC STRUT 

0.122 
.lo8 . lo4 
.115 
.122 
.lo2 
.lo8 
.io5 
.io5 
.126 
.123 
.126 
.113 
.117 
.119 

.io5 

.io9 

.120 

.112 

.116 

.112 

177.27 
144.22 
133.57 
171.75 
157.09 
146.52 
168.93 

164.5 

139.63 
181.95 
163 .oo 
146.94 
181.24 
163.75 
147.98 
163.65 
149.33 
135.48 

157.43 
147.24 

152.04 

. - ~  

.373 

.234 , 0.035 

a = so 
0.023 
.021 
.021 
.022 
.023 
.018 
.01g 
.018 
.018 
.021 
.022 
.023 
.021 

.022 

.024 

.021 

.020 

.021 

.023 

.022 

a = 7' 

.023 

159.14 
147.71 
137.29 

-0.004 
- .0002 
- .001 - .005 - .005 
0 
- .003 - .002 - .003 - - - - - - - 

0.35 0.104 0.018 -0.001 0.259 
*31 -095 .015 - .001 -255 
.22 .092 .015 . 0001 .249 

I ------- 

147.51 
136.77 

- - - - - - - 
- .014 
.001 - .m - .Ol3 - .016 - .014 
.002 

.022 

0.30 0.089 0.015 0.0004 0.246 
.21 .om .012 .002 .223 

0.286 
.252 
.262 

.290 

.250 

.279 

.264 

.280 

.294 

----- 
----- 
----- 
.3Ol 
.242 
.285 
.355 
.395 

162.87 
150.27 
138.51 

0.38 0.074 0.010 -0.005 0.310 
.29 . 084 .010 - .O& .299 
.21 .0a7 . o n  - .005 .301 

170,26 0.36 0.014 
159 .28 .32 .021 
149.19 .32 .026 

0.006 -0.005 0.578 
.@J7 - .004 .439 
.a7 - .ooj .j46 

I a = 5' 

I a = 4' 

1.66.63 
155.21 

151.30 

168.19 

145.18 
163.50 

139.22 

153.49 
140.26 
185.38 
166.78 

0.36 0.043 0.009 -0.013 0.549 . 30 - .002 
.24 
.79 
.70 
.58 
. yo 
.79 
.69 
.29 
.22 
.14 

.033 

.036 

. om 

.018 

.022 

.024 

.043 

.051 

.057 

.a9 

.010 

.010 

. 003 

.011 

.016 

.009 

.011 

.010 

a = 3' 
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143.99 0.38 ' 0.431 
132.92 .27 ,433 
122.46 .30 ,434 
168.70 .78 .434 
155 -34 .50 ,429 
142 .O9 .39 .434 
147.52 .5O .411 
135.77 .18 .406 
150.67 .28 .408 
136.42 .02 .419 

,400 161.70 .52 
.416 148.76 .13 

TABLE 111 

0.168 _ _ _ _ _ _  __---  
.171 _ _ _ _ ^ _  __--- 
.169 _ _ _ _ _ _  _---- 
.158 _-____ __--- 
.I55 
.156 -_-___ _---- 
.I53 -0.083 0.439 
.150 - .087 .450 
.I53 - a 7 3  .417 
,158 - .072 .411 

- -____ __-_-  

__--_ ----__ _-___ _ _ _ _ _  -_--_- --___ 

DATA FOR CAMBE3ED HYDROFOIL MOUNTED ON PARABOLIC STRUT 

a = 16' 
0.123 158.12 0.35 0.378 

.125 146.02 .23 .383 
,126 134.42 .23 .3% 

170. j o  .37 .?el .110 
.114 157.02 .33 .385 

144.20 .40 .3 88 ,114 
146.94 .57 .376 ,117 
132 .30 .17 ,343 ,105 
156.60 .33 ,362 . n o  
142.67 .11 .376 .113 

b n s i t y  of tank water, 1.941 slugs/cu fd 

__-___ _ _ _ _ _  
_ _ _ _ _ _  _---- _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  
_ -____ _ _ _ _ _  
------ _---- 
-0.075 0.440 
- .069 ,441 
- .071 .438 
-.om .455 

161.34 
148.00 
136.89 
162.69 
151.25 
172.60 
160.66 

152.28 
149.01 

136.41 
123 .03 
164.79 
148.45 
134.39 
172.31 
155.11 
140.57 

166.58 
152.59 
140.73 
159.38 
147.84 
137.14 

154.18 

169.96 
154.80 
139.55 
170.64 
155.57 
141.01 

166.99 

142.63 

.95 

.% 

.77 

.68 

.49 

.31 

.e7 

.24 

.84 

.67 

.53 

.49 

.46 

.48 

0.46 
.41 
.29 
.28 .a 
.78 
.73 
.63 
.35 
.22 

a.5 
a.5 
a.5 

.43 

.44 

.43 

0.324 
.328 
.328 
.341 
,349 
.353 
.362 
.364 
.304 
.314 
.315 
.328 
.342 
,349 
.309 
.311 
. jo6 

0.300 
.302 
.303 
.320 
.328 
.332 
.303 
.3 i3  
.321 
.2& 
.e87 
.288 
.285 
,291 
.295 

0.081 
.083 
,080 
.086 
.089 . 084 
.088 
,089 
.072 
,076 
.o7h 
.079 
.085 
. 0% 
.073 
.075 
.075 

0.065 
.065 
.064 
.073 
.075 
.077 
.066 
.063 
.06j 

____-  
_ _ _ _ _  
_ _ _ _ _  

.058 

.060 

.061 

_ _ _ _ _ _  
-0.064 
- ,065 
- .067 
- .068 
- ,069 
- .072 
- .065 
- .065 
- ,060 

_ _ - _ _ _  
_ - _ _ _ _  
-0.068 
- .062 
- .063 

0.455 
.4j2 
.456 
.452 
.446 
.450 
,455 
.452 
.442 

F 
t n 
4 

a d/c value estimated. 
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v, fps  d/c  CL CD Cm, c/4 

TABLE 111.- Concluded 

ccP 

DATA FOR CAMBERED HYDROFOIL MOUNTED ON PARABOLIC STRUT 

----- ------ 172.51 &0.5 0 2 8 5  
.289 a 158.60 .5 
.304 a 145.74 .5 

178.95 -43 - 279 0.054 -0.060 
159.24 .44 .284 -055 -*059 
143.35 .44 .e85 .056 - .060 
172.49 .40 .281 - 053 - .061 
159.85 .41 .2& .054 - .062 
149.11 .26 .287 -057 - .062 

----- ------ 
----- ------ 

----- 
----- 
----- 
0.460 

.453 

.456 

.466 

.464 

.459 

172.05 
158.16 
146.03 
144 .87 
128.94 
115.72 
175.34 

142.52 
156.92 

171.56 
153.64 
137.65 

162 . j 9  
180.49 

146.99 

0.47 
.41 
. 30 
.52 
.46 
-44 
51 

.46 

.42 
. .52 
.53 
* 52 
.44 
.47 
.47 

169.23 
153.13 
137.97 
143.71 
133.57 
124.96 
176.03 
156 - 93 
141.02 

0.39 
.33 
.31 
-48 
.51 
52 

.47 

.47 

.49 

0.284 - 297 
.303 
.288 
.291 
.302 
.276 
.286 
.290 

.287 

.292 

.271 

.280 

.283 

-274 

0.052 
.053 
.063 
.054 
.056 
.057 
.049 
.054 
.056 
.o52 
.056 
.056 
.048 
.Oh9 
.049 

a = 7 O  

0.259 

-269 
.246 L .258 

0 .040 
. a 3  
.043 
.047 
.&8 
.050 
.044 
.Ob5 
.044 

a = 6' 

180.43 0.226 0 -037 
162.96 
147.63 

154.52 .48 -043 
171.34 .213 .04j 

140 -44 .48 .041 

a d/c value es t imated .  

------ 
------ 
------ 
-0.069 
- .069 

- .067 
- .066 
- .069 
- .072 
- .070 
- .071 
- .063 
- .o62 
- .06j 

- .074 

-0.067 
- .062 
- .064 
- .071 
- .071 

- .066 
- .065 
- .068 

- -073 

0 e505 
.482 
.486 
.522 
.516 
.516 
.514 
.5m 
.512 

-0.068 0.546 
- .065 
- .067 
- .ojo 
- .04j .439 
- .065 .526 
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X 

Reference line 

x, in. 

0 
0.25 
0.50 
0.75 
1.00 
1.25 
1.50 
1-75  
2.00 
2.25 
2.50 
2.75 
3.00 
3.25 
3.50 

0 
.092 
0155 
.207 
0 253 
.292 
327 
363 

*396 
.426 
.456 
.483 
.511 
536 
550 

r l ,  in. x, in. 

3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6 0 : ~  
6.25 
6.50 
6.75 
7.00 
7 071 

yU, in 

0 536 
.502 
.467 
.430 
0390 
349 

.302 
02% 
.206 
.150 
.084 
.010 

- 079 - 189 - 236 

YZ, in 

0.308 
297 

.282 

.262 
237 

.207 

.172 

.132 

.088 

.038 

- .144 

- -018 
- 078 

-e215 - 6 236 

Figure 3.- P r o f i l e  and coordinates for  cambered hydro fo i l .  



LA 

L-58-3531.1. 
Figure 4.- Test setup showing flat-bottomed hydrofoil mounted on stream- 

lined s t r u t .  
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0 1 .2 .3 .u .5 .6 

ca"lktl0" M l b e P .  rc 

(a) Cavitation number based on cavity pressure. 

Figure 6.- Variation of lift and drag coefficient with cavitation num- 
ber for flat-bottomed hydrofoil. 
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Cavitation number based on vapor pressure. 

Figure 6.- Concluded. 
4 
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Figure 7.- Variation of moment coefficient and center-of-pressure coef- 
ficient with cavitation number for flat-bottomed hydrofoil. 
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Figure 8.- Variation of length of cavity with cavitation number based 
on cavity pressure for flat-bottomed hydrofoil. 
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Figure 9.- Comparison of cavitation number based on measured cavity 
pressure with cavitation number based on vapor pressure for flat- 
bottomed hydrofoil. 



(a) Overhead camera. 

(b) Underwater camera. L-59-6072 

Figure 10.- Flow about flat-bottomed hydrofoil at finite cavitation 
number. a = 20°; d/c  0.81; bc = 0.186. 
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Tailed symbols denote runs during 
which cavity pressures were measured 

-32 

Flow fully 
vented 

partially 
vented 

Theory I 
V 

V 
L. 
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Depth of submersion, d/c 

Figure 11.- Variation of lift and drag coefficients with depth of sub- 
mersion for flat-bottomed hydrofoil at or near zero cavitation number. 
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12.- Variation of moment coefficient and center-of-pressure 
location with depth of submersion for flat-bottomed hydrofoil at or 
near zero cavitation number. 
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Figure 15.- Variation of lift and drag coefficients with depth of sub- 
mersion for cambered hydrofoil at or near zero cavitation number. 
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Figure 14.- Variation of moment coefficient and center-of-pressure 
location with depth of submersion for cambered hydrofoil at or 
near zero cavitation number. 
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Overhead c m e r a  

Underwater canera 

L-59-6073 
(a) Flat-bottomed hydrofoil; fully vented. a = 20'; d/c = 0.51; 

V = 138.10 fps . 
Figure 15.- Photographs of flow about lifting surfaces indicating fully 

and partially vented conditions. 
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Overhead camera 

- 

Underwater cmera 

L-59-6074 
(b) Flat-bottomed hydrofoil; p a r t i a l l y  vented. a, = 20'; d/c = 0.68; 

v = 133.21 a s .  

Figure 15.- Continued. 



39 

Overhead cmera 

Underwater camera 

L-59-6075 
( c )  Cambered hydrofoil ;  filly vented. a = 12'; d/c = 0.48; 

V = 140.57 0 s .  

Figure 15.- Continued. 
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Overhead camera 

Underwater camera 

L-59-6076 
( d )  Cambered hydrofoil; p a r t i a l l y  vented. a = 12'; d/c = 0.53; 

V = 134.39 f p s .  

Figure 15.- Concluded. 
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Figure 16.- Variation of lift-drag ratio with depth of submersion for 
flat-bottomed and cambered hydrofoils at or near zero cavitation 
number. 
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(b) Variation of lift-drag ratio with angle of attack. 

Figure 1’7.- Variation of lift-drag ratio with lift coefficient and angle 
of attack for flat-bottomed and cambered hydrofoils at d/c = 0.40. 
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Figure 18.- Variation of spray thickness with depth of submersion for 
flat-bottomed and cambered hydrofoils. 
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(b) Cambered hydrofoil. 

Figure 19.- Variation of spray-height reading with depth of submersion 
for flat-bottomed and cambered hydrofoils as obtained with probe 
me chani sm . 
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(b) Cambered hydrofoil. 

Figure 20.- Variation of spray height above reference line with depth 
of submersion for flat-bottomed and cambered hydrofoils as read from 
photographs. 
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(a) Flat-bottomed hydrofoil. 

Figure 21.- Comparison of theoretical spray contours for flat-bottomed 
and cambered hydrofoils with faired data points obtained with probe 
mechanism and from photographs. 
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(b) Cambered hydrofoil. 

Figure 21.- Concluded. 
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------l 
I 

fl 

L-59-6077 
Figure 22.- Sketch of flat-bottomed hydrofoi l  with p ins  attached t o  

upper surface and photograph of flow about hydrofoi l  with pins  
attached. a = 16O; d/c = 0.51; V = 138.05 a s .  
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a = loo; d/c = 0.5 (estimated); V = 139.55 fpS 

a = 12O; d/c = 0.37; V = 161.34 fps 

(b )  Cambered hydrofoil .  L-79-6079 

Figure 23.- Concluded. 
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(a) u = 0 ;  v = 0 3 .  

( b )  Upper surface unwetted; u = 0; V # m. 
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Upper surface wetted; u = 0; V # m. 

Figure 24. - Sketches ind ica t ing  three regimes of f low about cambered 
hydrofo i l  at zero cavi ta t ion  number. 




